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1. Purpose
Since its clinical introduccion , Diffusion Weighted MR imaging (DW-MRI) has become a1
powerful tool in the assessment of brain lesions. Even more, DWI has recently proven its capacity
in studying cerebral functionality in humans  and animal models . Furthermore, sometimes it is2 3
necessary to administrate a contrast agent (CA) to improve the information afforded by the
images. Although some authors maintain that signal-to-noise and contrast-to-noise ratio are not
affected by the presence of Gd, more controversies exists related to the effect on diffusion
parameters . We analyzed the regional and sex-dependent alterations in fractional anisotropy4
(FA) and mean diffusivity (MD) after the injection of Gd-DTPA in a glioma rat model.
2. Material and Methods
Animal Model
All procedures with animals were approved by the ethical committee of our Center (Instituto de
Investigaciones Biomédicas “Alberto Sols”) and were carried out according Directive 2010/63/EU
of The European Parliament and of the council of 22 September 2010 on the protection of
animals used for scientific purposes; and R.D 53/2013 of 1 February 2013.
 Albino Wistar rats  weighted 220-250g were used.Experimental groups. (Rattus norvergicus)
Animals were housed in groups of four with food and drink access . Cages of 350 cm ,ad libitum 2
under current legislation; 21 ± 3ºC; constant humidity and 12-12 light cycle. Two groups of
animals were analyzed: male and female, four subjects each (n=4).
 High-grade glioma was induced in male and female Wistar rats of 220-250Tumor Implantation.
bodyweight by stereotaxic injection of C6 cells (rat glioma cells) in the right caudate nucleus.
The cells were grown in DMEN+HEPES containing antibiotics and 10% FBS at 37ºC. When the
plate was in confluence, cells were trypsinized, and taken 10  cells to implant 10 .6 5
The procedure was carried out under intraperitoneal (i.p.) anesthesia consisting in a mix of:
 (Hydrochloride medetomidine 1mg/ml). 50μl/100g bodyweight.Domtor®
 (Ketamine hydrochloride). 100μl/100g bodyweight.Imalgène 1000®
Once anesthetized the animal was placed in a stereotaxic device as shown in figure 1. Head was
shaved and scalp was sterilized with yodopovidone. Longitudinal incision was made with scalpel
from the backward inter-orbital area to see Bregma. Stereotaxic coordinate was located and
skull was drilled.
Figure 1
Fig.1. Placing de animal in the stereotaxic device.
Tumor cells, kept on ice, were resuspended in 100ml medium and were catch 10ml with
Hamilton syringe and 23G needle. Syringe was fix on stereotaxic device and needle was
introduced to desired depth. Space of 0.05 mm was generated to inject cells slow and
continuously. After a couple of minutes, the needle was removed slowly. Orifice was sealed with
surgical cement ( ). Last, was sutured with sterile braided silk 2/0 ( ).Tab 2000, Kerr® Aragó®
Area was sterilized and  was subcutaneously applied (Atipamezol, hydrochlorideAntisedan®
5mg) for a better recovery. Furthermore, was administrated painkiller once a day until 72 hours
after surgical;  (Meloxicam 5mg/ml), Non-Steroidal Anti-inflammatory (NSAID).Metacam®
Tumor can be detected 7-10 days after the implantation approximately.
MRI Experiments
Magnetic Resonance images were obtained on a Bruker Pharmascan system (Bruker Medical
Gmbh , Ettlingen, Germany)using a 7.0-T horizontal-bore superconducting magnet, equipped®
with a H selective birdcage resonator of 38mm and a gradient insert with 90mm of diameter1
(maximum intensity 36G/cm). All data were acquired using a Hewlett-Packard console running
Paravision 5.1. software (Bruker Medical Gmbh®, Ettlingen, Germany) operating on a Linux
platform
Experiments were carried out when tumors reached 150-200 mm3, around 16 days after cells
intracranial injection. Anesthesia was initiated by inhalation in an induction box with oxygen (1
L/min) containing 3-4 % of isofluorane in O2, and maintained during the experiment employing
a mask and 1-1.5 % of isofluorane. Animals were placed in a heated probe, which maintained the
core body temperature at approx. 37 ºC. The physiological state of the rats was monitored by a
gating System for small animals (SA Instruments, Inc) using the respiratory rate and body
temperature.
 T2-weighted (T2W) images were obtained with a rapid acquisition withAnatomical Images.
relaxation enhancement (RARE) and the parameters: repetition time (TR) = 3000 ms, echo time
(TE) = 60 ms, averages (Av) = 3 and RARE factor = 8. T1-weighted contrast enhanced (CE-T1W)
images after i.v. administration of 0.3M Gd-DTPA (Magnevist®, Bayer), were acquired using the
following parameters: TR = 3000 ms, TE = 60 ms, Av = 3. In both cases, the geometry used in the
acquisition was: acquisition matrix (Mtx) = 256×256, field of view (FOV) = 3.5 x 3.5 cm2
corresponding to an in-plane resolution of 148 x 148 μm2, slice thickness = 1.5 mm and number
of slices = 5. Figure 2 shown anatomical images of animals corresponding to male and female.
Figure 2
Fig.2. MR Images. Upper panel show T2 weighted images; left male, and right female. Below, the
same rats after contrast agent injection.
In all animals, the same five slices were imaged to obtained parametric maps generated by
computing images on a pixel by pixel basis. The geometry in all cases was: Mtx = 128 x 128 FOV
= 3.5 x 3.5 cm2 corresponding to an in-plane resolution of 273 x 273 μm2, and slice thickness =
1.50 mm.
 These studies were performed by acquiring a diffusion weightedDiffusion tensor imaging (DTI).
Stejskal-Tanner single-shot echo-planar (EPI) sequence: TR = 3000 ms, TE = 40 ms, Av = 1,
diffusion gradient duration (d) = 4 ms, diffusion gradient separation (D) = 16 ms, 1 basal image
(without diffusion gradient application) and two b factors of 300 and 1400 s/mm ,2
corresponding to a diffusion gradient strength of 33 and 71% respectively, applied in 7 non
co-linear non co-planar directions. DTI parameters as mean diffusivity (MD) and fractional
anisotropy (FA) were measured according to equation 1 and 2 where the corresponding
eigenvalues (λ , λ , λ ) were obtained by solving the tensor.1 2 3
The trace is the sum of the three eigenvalues (λ , λ  y λ ), and the division by three is the Mean1 2 3
Diffusivity.
Equation 1
Eq.1. 1, 2 y 3 are eigenvalues measuring the magnitude of diffusivity in the directions of maximum,
median and minimum diffusion, respectively.
Equation 2
Eq.2. Fractional Anisotropy (FA) described originally by Basser and Pierpaoli.
Were acquired successive equal sequences during half hour. The first before intravenous (i.v.)
0.2M contrast agent injection (1mL/Kg b.w) and followings after injection.
Data processing. Images were computed with a home-made software (MyMapAnalyzer)
application written in MatLab v.R2007a (MathWorks, Nattick, USA) yielding parametric color
based maps of Fractional Anisotropy (FA) and Mean Diffusivity (MD) by fitting in a pixel-by-pixel
bases the signal intensities of the MR images.
Data were analyzed in each animal with ImageJ (National Institutes of Health, Bethesda, MD).
Were manually selected, from parametrics maps, four differents brain regions: core tumor,
peripheral tumor, contralateral hemisphere and cortex.
Statistical analysis
All data presented were obtained from parametric maps in each one of four region of interest
(core tumor, peripheral tumor, contralateral hemisphere and cortex) in male and female.
Were calculated mean, standard deviation and standard error from all pixels, and were applied
paired t-test for calculate significant differences.
3. Results
Were calculated associated maps to solve the tensor in all animals. Diffusion is translated into a
MR signal loss. After the RF pulse is applied in a MRI pulse sequence, the protons initially rotate
at the same frequency; if then a B  gradient field is applied (“dephasing” gradient), the protons0
start to rotate at different frequencies depending on their local B field. When a second gradient
field is applied that is of opposite polarity (“rephasing” gradient), the protons regain their phase
coherence, provided they have not moved from their original locations. However, complete
rephasing does not occur since the protons do diffuse, which puts them in a different local B
field when the rephasing gradient is applied. This results in a signal loss.
 is a rotationally invariant scalar measured used to describe the local magnitudeMean diffusivity
of diffusion regardless of direction. It is calculated as the trace of the diffusion tensor and has
physical units of m /s. Is a parameter directly related with the higher or lower restriction to the2
transversal movement of the water molecules in the tissues.
Figure 3
Fig.3. Shown MD maps obtained in male rats.
Figure 4
Fig.4. Shown MD maps obtained in female rats.
Figures 3 and 4, shown MD parametric maps for male and female rats respectively. Significant
differences were found in all regions between different times points studied after Gd-DTPA
administration, both males and females (Figure 5).
Figure 5
Fig. 5. Mean diffusivity values measured in males (left panel) and females (right panel) in four brain
regions (core tumor, peripheral tumor, contralateral and cortex) over the time. First measurement
(Pre-CA) was performed right before injecting Gd-DTPA as contrast agent, and the others 6, 15 and
27 after gadolinium administration. (***, p<0.0001).
Also, statistical analysis revealed significant differences not only between regions and before or
after of injection, but also related to the sex of the animal (Figure 6). In males, a decrease in MD
takes place in the tumor whereas an increase in the healthy brain. In females, in contrast, a more
marked decreased happens in all regions.
Figure 6
Fig.6. Differences between Mean Diffusivity values measured in males and females in four regions
of interest. Top left (core tumor) and top right (peripheral tumor) shown that MD is significantly
higher in females than in males. In contrast, bottom left (contralateral hemisphere) and bottom
right (cortex), shown that MD values are lower in females than in males.
As a result of the different behavior of MD after GD-DTPA injection between males and females,
exist significant differences between groups. While, in tumor regions, MD values are higher in
females than in males, in healthy regions the opposite occurs in almost all time points studied.
 is a rotationally invariant scalar measure used to characterize the degreeFractional Anisotropy
of anisotropy of the diffusion ellipsoid. The measure runs 0 (purely isotropic) to 1 (purely
anisotropic). FA is highest in areas of dense white matter and lowest in areas containing CSF.
Figure 7
Fig.7. Shown FA maps obtained in male rats.
Figure 8
Fig.8. Shown FA maps obtained in female rats.
Figures 7 and 8 shown FA parametric maps for male and female rats in four temporal points.
Exist significant differences in FA values with time after CA injection between regions in both
males and females (figure 9).
Figure 9
Fig.9. Fractional Anisotropy values measured in males (left panel) and females (right panel) in four
brain regions (core tumor, peripheral tumor, contralateral and cortex) over the time. First
measurement (Pre-CA) was performed right before injecting Gd-DTPA as contrast agent, and the
others 6, 15 and 27 after gadolinium administration. (***, p<0.0001).
As shown in Figure 9, significant differences were found in the FA values between temporal
points studied. In this case, FA values decrease immediately after CA-injection, more marked in
females. After a few minutes, FA values not only recovered but increased relative to pre-CA
injection both male and female.
Figure 10
Fig.10. Differences between Fractional Anisotropy values measured in males and females in four
regions of interest. In general, values are significantly lower in females than in males.
In the other hand, we observed significant differences between male and female in all regions
and in all temporal points also (Figure 10).
4. Conclusion
According to the data obtained in our study, the acquisition of diffusion images right after the
contrast agent administration, can seriously compromise the obtained results also in tumor and
healthy regions.
This is especially important when DWI is used in functional studies.
The use of gadolinium prior DTI acquisition should be considered only when it is mandatory by
clinical indications.
5. Mediafiles
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Eq.1. 1, 2 y 3 are eigenvalues measuring the magnitude of diffusivity in the directions of maximum,
median and minimum diffusion, respectively.
Equation 2
Eq.2. Fractional Anisotropy (FA) described originally by Basser and Pierpaoli.
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